Acetylcholine receptors (AChRs) are required for body movement in parasitic nematodes and are targets of "classical" anthelmintic drugs such as levamisole and pyrantel and of newer drugs such as tribendimidine and derquantel. While neurotransmission explains the effects of these drugs on nematode movement, their effects on parasite reproduction are unexplained. The levamisole AChR type (L-AChRs) in Caenorhabditis elegans is comprised of five subunits: Cel-UNC-29, Cel-UNC-38, Cel-UNC-63, Cel-LEV-1 and Cel-LEV-8. The genome of the filarial parasite Brugia malayi contains nine AChRs subunits including orthologues of Cel-unc-29, Cel-unc-38, and Cel-unc-63. We performed in situ hybridization with RNA probes to localize the expression of five AChR genes (Bm1_35890-Bma-unc-29, Bm1_20330-Bma-unc-38, Bm1_38195-Bma-unc-63, Bm1_48815-Bma-acr-26 and Bm1_40515-Bma-acr-12) in B. malayi adult worms. Four of these genes had similar expression patterns with signals in body muscle, developing embryos, spermatogonia, uterine wall adjacent to stretched microfilariae, wall of Vas deferens, and lateral cord. Three L-AChR subunit genes (Bma-unc-29, Bma-unc-38 and Bma-unc-63) were expressed in body muscle, which is a known target of levamisole. Bma-acr-12 was co-expressed with these levamisole subunit genes in muscle, and this suggests that its protein product may form receptors with other alpha subunits. Bma-acr-26 was expressed in male muscle but not in female muscle. Strong expression signals of these genes in early embryos and gametes in uterus and testis suggest that AChRs may have a role in nervous system development of embryogenesis and spermatogenesis. This would be consistent with embryotoxic effects of drugs that target these receptors in filarial worms. Our data show that the expression of these receptor genes is tightly regulated with regard to localization in adult worms and developmental stage in embryos and gametes. These results may help to explain the broad effects of drugs that target AChRs in filarial worms.
Introduction
Parasitic nematodes commonly infect humans in the developing world, and they are responsible for an enormous burden of disease (Brooker et al., 2010) . A variety of anthelmintic drugs are used to treat parasitic nematode infections. Many of these compounds act on ion channels such as acetylcholine receptors (AChRs) that occur at nematode neuromuscular junctions, in pharyngeal muscle, and in nervous tissue Martin et al., 2004; Sattelle et al., 2009; Wolstenholme, 2011) . This includes older drugs such as levamisole and pyrantel and recently introduced drugs such as monepantal (Kaminsky et al., 2008) , derquantel (Little et al., 2011) and tribendimidine. The newer compounds are currently used in veterinary medicine, but they may be used to treat humans in the future (Xiao et al., 2005; Kaminsky et al., 2008) .
Recent studies have suggested that anthelmintic drug resistance is common in some areas due to wide use of these drugs (Kaplan, 2004; Wolstenholme et al., 2004; Osei-Atweneboana et al., 2011) Circumventing drug resistance will require new anthelmintic, and it is likely that AChRs will continue to be attractive targets. Molecular characterization of nematode AChRs and improved understanding of their roles in nematode biology may facilitate development of new drugs in this class.
ACh receptors are protein complexes that are comprised of multiple subunit proteins, and each species has several different receptors. AChR proteins have been most intensively studied in Caenorhabditis elegans and in Ascaris suum. Parasitic nematodes may have fewer AChR genes than the model organism C. elegans based on limited publications (Williamson et al., 2007) . C. elegans has at least 30 genes that encode AChR subunits, and these have been divided into five groups based on sequence homology (DEG-3, ACR-16, ACR-8, UNC-38 and UNC-29) (Jones et al., 2007) . These subunits include examples of both a-subunits (e.g., UNC-38) and non-a-subunits (e.g., UNC-29). For example, four AChRs have been identified in C. elegans, and these include a neuronal receptor, DEG-3/DES-2 (Treinin et al., 1998) , a pharyngeal muscle receptor (EAT-2), which requires a small transmembrane protein EAT-18 for normal pharyngeal pumping (McKay et al., 2004) , and two body neuromuscular AChRs. One of these is sensitive to levamisole (a so-called "L-type receptor" or L-AChR) and the other is sensitive to nicotine (an N-type AChR) (Richmond and Jorgensen, 1999) . Comprehensive studies of levamisole in C. elegans have improved understanding of the molecular mechanisms associated with L-AChR signaling. Based on expression in Xenopus oocytes and recordings from body wall muscle, each L-type AChR in C. elegans is composed of five subunits which include three a-subunits (UNC-38, UNC-63, and LEV-8), and two non-a-subunits, UNC-29 and LEV-1 (Boulin et al., 2008) . Molecular cloning and extensive bioinformatic searches in parasitic nematode genomes have identified homologs of unc-29, unc-38 and unc-63 in all parasitic nematodes (Williamson et al., 2007; Fauvin et al., 2010; Neveu et al., 2010) . Orthologs of the lev-1 gene have only been identified in Clade V nematode species (including C. elegans and Trichostrongylus species) but not in members of Clades IeIV (Martin et al., 2012) .
In vitro studies have shown that the subunit composition and pharmacology of neuromuscular AChRs in parasite nematodes are quite different from those in C. elegans (Williamson et al., 2009; Boulin et al., 2011) . While five subunits are required for all AChRs in C. elegans, only two (unc-38 and unc-29) are required for the levamisole-sensitive receptor in A. suum (Williamson et al., 2007) , and three (UNC-29, UNC-38 and UNC-63) or four (UNC-29, UNC-38, UNC-63 and ACR-8) are required in Haemonchus contortus (Boulin et al., 2011) . In C. elegans, ACR-16 is a homomeric AChR, and the only essential subunit in levamisole-resistant receptors (Touroutine et al., 2005) . Orthologs of acr-16 have not been identified in other parasitic nematodes except for A. suum (Holden-Dye et al., 2013) . The subunits of L-AChRs are functionally diverse. Different ratios of the two subunits (UNC-38 and UNC-29) from A. suum expressed in Xenopus oocytes formed two distinct L-AChR subtypes that exhibited different anthelmintic sensitivity (Williamson et al., 2009) .
Sequence and bioinformatics analysis identified orthologs of in the Brugia malayi genome (Ghedin et al., 2007; Williamson et al., 2007) ; these subunit proteins are known to be present in AChRs at the nematode neuromuscular junction in C. elegans (Fleming et al., 1997; Richmond and Jorgensen, 1999; Culetto et al., 2004) . Electrophysiological studies have shown that AChRs are present in body muscle of A. suum and Oesophagostomum dentatum (Martin, 1982 (Martin, , 1985 Robertson and Martin, 1993; Evans and Martin, 1996; Robertson et al., 1999; Qian et al., 2006) , and several studies successfully reconstituted the receptors from the nematode parasites A. suum, H. contortus and O. dentatum in Xenopus oocytes (Williamson et al., 2009; Boulin et al., 2011; Bennett et al., 2012; Buxton et al., 2014) . However, there are few molecular studies in filarial nematodes. Electrophysiological recordings have shown that AChRs are present in Acanthocheilonema viteae and B. malayi body muscle (Rohrer et al., 1988; Christ et al., 1990 Christ et al., , 1994 Robertson et al., 2011; Robertson et al., 2013) .
Drugs that act on AChRs in intestinal nematodes selectively open ligand-gated acetylcholine receptors in body muscle to produce depolarization, entry of sodium or calcium, contraction and spastic paralysis. These drugs paralyze nematodes and render them unable to actively maintain their position in the gut (Robertson et al., 2002; Martin and Robertson, 2007; Puttachary et al., 2010) . Drugs such as levamisole that target AChRs also have potent activity against microfilariae (Mf) of filarial nematodes (B. malayi, Litomosoides carinii, Wuchereria bancrofti and Onchocerca volvulus) (Zaman and Lal, 1973; O'Holohan and Zaman, 1974; Mak and Zaman, 1980; Awadzi et al., 1982) . This activity is presumably also related to effects of the drugs on parasite motility. However, levamisole is less effective for killing adult filarial worms (Mak and Zaman, 1980) , and its mode of action in these parasites is poorly understood. We followed up the bioinformatics analysis of AChR subunit genes with studies to localize expression of genes that encode AChRs in B. malayi, to improve understanding of the biological roles of AChRs in filarial worms and their potential as targets for chemotherapy.
Materials and methods

Parasite material and slide preparation
Adult B. malayi worms were isolated from infected jirds and separated carefully by gender as previously described (Li et al., 2004) . Live worms were washed twice using phosphate buffered saline (PBS) and immediately fixed in 4% formalin buffer. Fixed worms were embedded in paraffin in the Histology Core Laboratory at Washington University School of Medicine. The embedded worms were cut into 5 mm sections, using a microtome. Sections were floated onto Superfrost/Plus microscope slides (Fisher Scientific, Pittsburgh, PA, USA) and placed on a warming block in at 65 C for 20 min to bond the tissue to the glass. Slides were then stored at room temperature for future use.
Selection of target genes and primer design
Detailed functional studies of AChRs genes have not been performed for filarial worms. However, the genome of the filarial nematode B. malayi has been reported to contain nine genes that encode AChRs (Ghedin et al., 2007; Williamson et al., 2007) . Genespecific RNA probes were designed with consensus cDNA sequences for five B. malayi putative AChRs subunit genes retrieved from the NCBI website (http://www.ncbi.nlm.nih.gov/) either by accession number (XM_00xxxxxxx) or Pub_Locus (Bm1_xxxxx). The accession numbers were XM_001898590 (Bm1_35890; Bmaunc-29), XP_001901226 (Bm1_48815; Bma-acr-26), XP_001899560.1 (Bm1_40515; Bma-ace-12), XM_001895485 (Bm1_20330; Bma-unc-38) and XM_001899057 (Bm1_38195; Bmaunc-63). Primers for in situ listed in Table 1 were designed using PrimerQuest software (http://idtdna.com/primerquest/home), and these primers were produced by Integrated DNA Technology Inc. (Coralville, IA USA).
RNA probe construction and in situ hybridization
RNA probes were prepared as described previously (Li et al., 2014) . Briefly, target gene sequences were amplified by PCR using B. malayi adult cDNA template as previously reported (Li et al., 2004) . Amplified fragments of the selected genes were cloned into a dual promoter PCRII vector (K2060-0, Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol, and insertion of the fragments was confirmed by sequencing. Biotinylated antisense and sense probes were prepared by transcription from the template plasmid using MEGAscript T7 and Sp6 in vitro transcription kits (Ambion, Grand Island, NY, USA) with biotinylated NTPs (Roche Diagnostics, Indianapolis, IN, USA). The biotinylated RNA probes were purified and concentrated by ethanol precipitation, dissolved in DEPC-water, and stored at À20 C for later use.
Paraffin sections were deparaffinized and digested as previously described (Li et al., 2014) . Briefly, the sections were hybridized at 60 C or 42 C (depending on the probe being used) overnight in a humid chamber with 1 mg/mL of RNA probe in hybridization buffer.
An in situ hybridization detection system kit (K0601, Dako, Carpinteria, CA, USA) was used for stringency wash and detection. The sections were washed and incubated for 40 min with biotinylated RNA with streptavidin-AP conjugate at room temperature. Slides were viewed using an Olympus-BX40 microscope (Olympus, Tokyo, Japan) and photographed with an Infinity2 digital microscope camera using Infinity Capture software (Lumenera, Ottawa, Ontario, Canada). The signal intensity of each object was scored as strong, moderate or weak according to the intensity of staining to provide a semi-quantitative assessment of gene expression. The stage of the embryos was defined as previously reported (Jiang et al., 2008; Li et al., 2014) . Briefly, the embryonic stages were classified as follows: prelarvae (forms ranging from unfertilized eggs to morulae); developing embryos (forms ranging from morulae with a first invagination to elongated embryos with the two extremities in contact), pretzel stages (forms ranging from embryos with overlapping extremities to microfilariae coiled within the egg membrane), and stretched microfilariae (Lok et al., 1988) . The distal uterus contains mostly prelarval stages, the middle portion mainly contains developing embryos, and the proximal uterus contains pretzel larvae and mature stretched microfilariae (Breton et al., 1997) .
Antibody production and immunohistochemical labeling
Anti-peptide antibody was produced and purified by LifeTein LLC (South Plainfield, NJ, USA). Briefly, target peptide of XP_001901226 (RDDNDDNQVTDEQR-Bm1_48815) was selected based on predicted chemical and immunogenic properties by the company. Target peptide was synthesized and coupled to a carrier protein (keyhole limpit hemocyanin, KLH). Rabbits were immunized with the peptide-KLH conjugates and boosted twice every two weeks after primary immunization. Rabbit polyclonal antibodies were affinity purified using the target peptide (without KLH).
Worms intended for histological examinations were fixed in 4% buffered formalin, embedded in paraffin and sectioned at 6um thickness according to standard histological procedure. Immunohistochemical labeling was as previously described (Fischer et al., 2011) . Briefly, various dilutions of primary antibodies were tested in order to optimize signal to background. Antibody against Bm_48815 was used at 7.5ug/ml and Anti-KLH (negative control) was used at 1:1000 as recommended by the manufacturer. The alkaline phosphatase anti-alkaline phosphatase (APAAP, Dako) was used as developing agent for visualization as previously described (Fischer et al., 2011) , and slides were developed with Fast Red (Sigma) and counterstained with Mayer's Hematoxylin Solution, and were viewed using an Olympus-BX40 microscope and photographed.
Assessment of expression of AChR subunit genes at the whole worm level by SYBR green I quantitative real-time PCR (qRT-PCR)
We performed qRT-PCR to assess expression of AChR subunit genes at the whole worm level in different life cycle stages. Primer design and optimization, RNA isolation, and reverse transcription were performed as previously described (Li et al., 2004) , and the primer sequences are presented in a supplemental table. We used Bm1_09760 as a control gene for qRT-PCR, because prior studies showed that this gene is consistently expressed across the B. malayi life cycle (Li et al., 2012) . We revalidated this gene as an internal control for the present study across three stages (male, female, and Mf), and consistent C t values were observed (all within one cycle). Therefore we used this as an internal control for template quantity and PCR efficiency. Ten ng of RNA template isolated from each life cycle stage was used as starting material for qRT-PCR.
Results and discussion
3.1. Expression patterns of Bma-unc-29, Bma-unc-38, Bma-unc-63 and Bma-acr-12 in B. malayi adult worms Preliminary studies were performed to assess expression level of AChR subunit genes at the whole worm level in different life cycle stages. Results in Table 2 show that expression of these genes was fairly consistent in microfilariae, adult male and adult female worms. qRT-PCR measures gene expression at the whole worm level, while in situ hybridization localizes gene expression in specific tissues.
In situ expression patterns observed for these subunit genes in B. malayi worms are summarized in Table 3 . Four of five gene candidates (except Bm1_48815, Bma-acr-26) were co-expressed in the body muscle in male and female worms (Figs. 1e5) . These results are consistent with prior evidence that levamisole acts directly on body wall muscle (Richmond and Jorgensen, 1999) , and they provide new molecular evidence for localization of binding sites for levamisole, which opens L-AChRs ion channels in nematode muscle leading to depolarization (Puttachary et al., 2010) , spastic muscle contraction, and paralysis . The majority of C. elegans genes that encode AChRs (23/30) are also expressed in body wall muscle and/or nervous tissue (Holden-Dye et al., 2013) . A. suum orthologues of unc-29 and -38 are coexpressed in the muscle cell membrane and not confined to the neuromuscular junction (Williamson et al., 2009 ). Our expression data are consistent with results from whole-cell patch-clamp studies in B. malayi that found that AChRs are activated by cholinergic anthelmintics (levamisole, pyrantel, bephenium and tribendimidine) and that levamisole reversibly paralyzed adult worms (Robertson et al., 2011) . Biophysical and pharmacological features of body muscle ACh receptors in B. malayi (Robertson et al., 2011 (Robertson et al., , 2013 suggest that the B. malayi AChRs are different from those in A. suum [(Martin et al., 2004; Trailovic et al., 2008) and H. contortus (Boulin et al., 2011) and possibly more similar to those in C. elegans (Boulin et al., 2008) . The B. malayi AChRs in body muscle are less sensitive to both acetylcholine and levamisole than that in C. elegans, A. suum or O. dentatum (Robertson et al., 2011) . This may explain partially why levamisole is less effective in killing B. malayi adult worms than that in A. suum. Localization studies showed that Bm1_40515, an orthologue of the C. elegans AChR subunit gene acr-12, is also expressed in body muscle of B. malayi adult worms. In C. elegans, protein ACR-12 copurified with levamisole receptor subunits by tandem affinity purification, and the authors suggest that ACR-12 may contribute to levamisole receptors in a subset of postsynaptic clusters (Gottschalk et al., 2005) . The overlapping cellular localization of ACR-12 with genes known to be levamisole receptor subunits (UNC-63, UNC-38, and UNC-29) in B. malayi suggests possible association with these subunits in vivo. In C. elegans, ACR-12 is differentially expressed in both cholinergic and GABAergic motor neuron within the motor circuit and it is present in two distinct AChR subtypes. Other studies showed that these two receptor subtypes regulate the coordinated activity of excitatory (cholinergic) and inhibitory (GABAergic) motor neurons (Jospin et al., 2009; Barbagallo et al., 2010) . Acr-12 is one of five components in the heteromeric acetylcholine-gated ion channel ACR-2R that is essential for regulating motor circuit activity (Petrash et al., 2013) . Very recently, an orthologue of this gene has been identified in H. contortus as a new drug target (Laing et al., 2013; Beech and Neveu, 2015) . It will be interesting to explore the biological function of ACR-12 in other parasitic nematodes along with its potential as a new anthelmintic target. a Signal intensity was scored as follows: 1, weak; 2, moderate; 3, strong. Fig. 1 . In situ hybridization patterns for Bm1_20330 in adult B. malayi adult worms. The sense RNA probe (negative control) did not label tissues in female (A) or male worms (F). In contrast, the antisense probe produced strong signals in female (BeE) and male worms (GeI). Oocytes in ovary (B), morulae stage embryos (C) and the uterine wall (arrow in E) adjacent to pretzel or stretched microfilariae (Mf) were intensely labeled and stretched Mf was partially labeled (E). The antisense probe also strongly labeled spermatogonia in the male testis (G, H) and the wall of the Vas deferens (arrow) (I), the lateral cord was weakly labeled (G, H). Weak to moderate labeling was also observed in both male and female body muscle. Abbreviations: Ov, ovary; I, intestine; U, uterus; M, muscle; Lc, lateral cord, Vd, Vas deferens; T, testis. Scale bar 10 mm in panel AeE and 5 mm in panel FeI.
Fig. 2.
In situ hybridization patterns for Bm1_38195 in adult B. malayi adult worms. The sense RNA probe (negative control) did not label tissues in female (A) or male worms (F). In contrast, the antisense probe produced moderate to strong signals in female (BeE) and male worms (GeI). Oocytes in ovary (B), morulae stage embryos (C), and the uterine wall (E, arrow) adjacent to pretzel or stretched Mf were intensely labeled; and pretzel stage and stretched Mf were partially labeled (D, E). The antisense probe also strongly labeled spermatogonia in the male testis (G) and the wall of the Vas deferens (arrow) (I), the lateral cord was weakly labeled in female (B, C) and male (H, I), respectively. Weak to moderate labeling was also observed in both female and male body muscle. Abbreviations: Ov, ovary; I, intestine; U, uterus; M, muscle; Lc, lateral cord, Vd, Vas deferens; T, testis. Scale bar 10 mm in panel AeE and 5 mm in panel FeI. Fig. 3 . In situ hybridization patterns for Bm1_35890 in adult B. malayi adult worms. The sense RNA probe (negative control) did not label tissues in female (A) or male worms (F). In contrast, the antisense probe produced strong signals in female (BeE) and male worms (GeI). Oocytes in ovary (B), morulae stage embryos (B and C), pretzel stage (D), and the uterine wall (arrow) adjacent to pretzel or stretched Mf (E, arrow) were intensely labeled; stretched Mf was partially labeled (E). The antisense probe also strongly labeled spermatogonia in the male testis (G) and the wall of the Vas deferens (arrow) (H, I), and sperm was not labeled (I). The lateral cord was moderately labeled in male and female. Weak to moderate labeling was also observed in both male and female body muscle. Abbreviations: Ov, ovary; I, intestine; U, uterus; M, muscle; Lc, lateral cord, Vd, Vas deferens; T, testis.
Scale bar 10 mm in panel AeE and 5 mm in panel FeI. Fig. 4 . In situ hybridization patterns for Bm1_48815 in adult B. malayi adult worms. The sense RNA probe (negative control) did not label tissues in female (A) or male worms (F). In contrast, the antisense probe produced strong signals in female (BeE) and male worms (GeI). Oocytes in ovary (B), morulae stage embryos (C) and the uterine wall adjacent to pretzel or stretched Mf (E, arrow) were intensely labeled; pretzel stage (D) and stretched Mf (E) were partially labeled. The antisense probe also strongly labeled spermatogonia in the male testis (G, H) and the wall of the Vas deferens (arrow) (I); the lateral cord was strongly labeled in male (G, H). Weak to moderate labeling was also observed in male body muscle. Abbreviations: Ov, ovary; I, intestine; U, uterus; M, muscle; Lc, lateral cord, Vd, Vas deferens; T, testis. Scale bar 10 mm in panel AeE and 5 mm in panel FeI. Fig. 5 . In situ hybridization patterns for Bm1_40515 in adult B. malayi adult worms. The sense RNA probe (negative control) did not label tissues in female (A) or male worms (F). In contrast, the antisense probe produced strong signals in female (BeE) and male worms (GeI). Oocytes in ovary (B), morulae stage embryos (C) and the uterine wall (arrow) adjacent to pretzel or stretched Mf (E) were intensely labeled and stretched Mf was partially labeled (D). The antisense probe also strongly labeled spermatogonia in the male testis (G) and the wall of the Vas deferens (arrow) (I); the lateral cord was strongly labeled (G, H). Weak to moderate labeling was also observed in both male and female body muscle. Abbreviations: Ov, ovary; I, intestine; U, uterus; M, muscle; Lc, lateral cord, Vd, Vas deferens; T, testis. Scale bar 10 mm in panel AeE and 5 mm in panel FeI.
Bm1_48815 (Bma-acr-26) is expressed in male but not in female body muscle
Bm1_48815, an orthologue of a novel receptor subunit acr-26, is expressed in most animal parasitic nematode species in clades III, IV and V, including filarial parasites and Strongyloides ratti, but it is not present in C. elegans or in plant parasitic nematodes (Bennett et al., 2012) . It has been suggested as a potential target for the development of cholinergic anthelmintic specific for the parasitic nematodes (Bennett et al., 2012) . Hybridization results showed that Bm1_48815 has an expression pattern similar to those of AChRs subunit genes mentioned above in male worms (Fig. 4GeI) , but expression was not observed in female worm muscle (Fig. 4BeE) . The labeling pattern produced by antibodies against the predicted peptide from XP_001901226 was consistent with in situ results (Fig. 6 and Fig. 7) . Antibodies against the KLH carrier protein used for antibody production produced no tissue-specific labeling in female worms (Fig. 6A and Fig. 7A and C) or in males (Fig. 6F) other than non-specific background staining in the intestine that was most-likely due to internal alkaline phosphatase in that organ. In contrast, antibodies against the specific peptides strongly labeled the tissues corresponding to the early stages of sperm development (Fig. 6G ), body muscle (Fig. 6GeI ) and the wall of Vas deferens (arrow in Fig. 6I ) in male worm. They also labeled early embryos (Fig. 4BeE) , and the uterus wall at the level of stretched Mf (arrows in Fig. 6D and in Fig. 7B and C) but not body muscle in females. It is interesting that the A. suum orthologue of acr-26 subunit (Asu-acr-26) is expressed in muscle in the head but not in the body-wall of A. suum, and this is different from expression patterns of other AChR subunit genes such as unc-29 and unc-38 which are expressed in both muscle types (Williamson et al., 2009; Bennett et al., 2012) . The homomeric channels formed by Asu-ACR-26 in Xenopus oocytes were extremely sensitive to acetylcholine and nicotine despite its sporadic expression (Bennett et al., 2012) . The pharmacology of this receptor is also different from those previously reported for reconstituted levamisole receptors (Boulin et al., 2008; Williamson et al., 2009; Boulin et al., 2011) . Williamson et al. sug- gested that expression limited to muscles in the head may be related to the more complex movements of the head in Ascaris. It is tempting to relate the function of Bma-acr-26 to the high motility of B. malayi male worms relative to females. Further study is needed to explore the potential function of this gene in B. malayi.
3.3. Localization of AChR subunit genes suggests that they may play a functional role in embryogenesis and spermatogenesis Probes for these subunits produced very similar expression signals in embryos and spermatids in adult worms. Intense labeling for AChR transcripts was seen in oocytes in the ovaries (Figs. 1e5B) , developing morulae (Figs. 1e5C) , and pretzel stage larvae in females (Figs. 1e5D) , and in spermatogonia and spermatocytes in males ( Fig. 1e5G and H) . The protein encoded by one of these channel genes (Bm1_48815) was easily detected in these stages by immunohistology (Fig. 6B, C, G) , and this is consistent with in situ results. Thus, the in situ results are likely to reflect specific binding of the mRNA probe, and are unlikely to be caused by the probe binding to nonsense or nonspecific RNAs usually found in developing cells (Han et al., 2009; Vasale et al., 2010) . However, stretched Mf in the uterus were only partially labeled (Figs. 1e5E) in areas where sections cut through the worms. This may be because the probes may not be able to penetrate the Mf sheath. Levamisole is a potent microfilaricidal drug in Mastomys coucha infected with Brugia pahangi, A. viteae, B malayi and L. carinii, and it rapidly eliminates Mf of these species from the peripheral circulation (Zahner and Schares, 1993) . This rapid effect of levamisole on Mf requires the drug to directly interact with Mf in the circulation.
Strong expression of these genes in developing embryos and spermatozoa suggests that they may play a functional role in embryogenesis and spermatogenesis. This hypothesis is further supported by earlier observations on the embryotoxic activity of levamisole in L. carinii (Lammler et al., 1971) , B. malayi (Joon-Wah et al., 1974) and O. volvulus (Rivas-Alcala et al., 1984) . When given in combination with other anthelmintics such as mebendazole, levamisole increased the embryotoxic effect of the benzimidazole in O. volvulus (Awadzi et al., 1982) and hastened the clearance of Mf in patients infected with B. malayi (Mak and Chan, 1983) . Levamisole was reported to have a delayed effect on Mf (at 60 and 91 days after treatment) in M. coucha infected with B. malayi (Tyagi et al., 1986) . This might have been caused by an embryotoxic effect of levamisole on adult worms. Levamisole has also been reported to have better efficacy against developing filarial larvae than against adult worms in mammalian hosts (L. carinii, A. viteae and Dirofilaria immitis) (Lammler and Wolf, 1977; Hayasaki and Ohishi, 1984) . It is interesting that AChR proteins and transcripts are present in early embryos and developmentally regulated in mammals (Zoli et al., 1995; Role and Berg, 1996; Conroy and Berg, 1998) . These findings are consistent with the results from global gene expression analysis in C. elegans. In C. elegans, acetylcholine receptors and motor neurons are enriched in embryonic stage (Von Stetina et al., 2007; Chikina et al., 2009 ). Our expression data suggest that these genes are also developmentally regulated in parasitic nematodes. These results provide a deeper understanding of the embryotoxic effect of levamisole in nematodes.
Expression of AChR subunit genes s in the wall of the uterus and Vas deferens
We studied expression patterns of AChR genes in adult filarial worms to improve understanding of how cholinergic anthelmintics might affect Mf reproduction and release. Early clinical studies found that levamisole reduced Mf counts in patients with W. bancrofti and B. malayi (Zaman and Lal, 1973; O'Holohan and Zaman, 1974) . Hybridization signals of AChRs were observed in sections of the uterine wall or Vas deferens that contained stretched Mf or sperms, respectively. These results suggest that AChRs may be involved in the release of Mf and sperm. This would be consistent with the rapid reduction of Mf release observed in animals treated with levamisole.
Conclusion
The recent finding that neuromuscular junction AChRs are the targets of the promising new anthelmintics derquantel and tribendimidine demonstrates that AChRs continue to be important targets for novel therapies for nematode infections. Our study used in situ hybridization to show that AChRs genes are highly expressed in body muscle in adult filarial worms, the target site of cholinergic anthelmintics. Importantly, our results show that these genes are also expressed in a developmentally controlled manner in developing embryos and sperm precursors in B. malayi. These results have shed new light on the action of cholinergic drugs in filarial parasites. Improved understanding of the localization of AChRs may contribute to development of new treatments for filarial infections.
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